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Introduction {#embr201744853-sec-0001}
============

The local regulation of the dendritic proteome is crucial for the morphological and functional heterogeneity of neuronal dendrites and therefore neuronal circuit formation and plasticity [1](#embr201744853-bib-0001){ref-type="ref"}, [2](#embr201744853-bib-0002){ref-type="ref"}, [3](#embr201744853-bib-0003){ref-type="ref"}. MicroRNAs (miRNAs) are small, non‐coding RNAs that regulate protein synthesis by binding to the 3′ untranslated regions (UTRs) of mRNA targets and inhibiting their translation [4](#embr201744853-bib-0004){ref-type="ref"}, [5](#embr201744853-bib-0005){ref-type="ref"}. Due to their rapid and reversible effects on protein translation [6](#embr201744853-bib-0006){ref-type="ref"}, [7](#embr201744853-bib-0007){ref-type="ref"}, [8](#embr201744853-bib-0008){ref-type="ref"}, miRNAs are ideal candidates for the activity‐dependent regulation of the local dendritic proteome. Indeed, many miRNAs were shown to modulate neuronal morphogenesis, for example, by regulating components of actin‐regulatory pathways [9](#embr201744853-bib-0009){ref-type="ref"}, [10](#embr201744853-bib-0010){ref-type="ref"}, [11](#embr201744853-bib-0011){ref-type="ref"}, [12](#embr201744853-bib-0012){ref-type="ref"}, transcription factors [13](#embr201744853-bib-0013){ref-type="ref"}, [14](#embr201744853-bib-0014){ref-type="ref"}, and other plasticity‐related proteins [15](#embr201744853-bib-0015){ref-type="ref"}, [16](#embr201744853-bib-0016){ref-type="ref"}. Whether and how miRNA production is confined at the subneuronal level is so far unknown.

MiRNAs are derived from stem‐loop, precursor miRNA transcripts (pre‐miRNAs) that are exported from the nucleus [17](#embr201744853-bib-0017){ref-type="ref"}, [18](#embr201744853-bib-0018){ref-type="ref"}, [19](#embr201744853-bib-0019){ref-type="ref"} and in some cases transported into neuronal dendrites [20](#embr201744853-bib-0020){ref-type="ref"}, [21](#embr201744853-bib-0021){ref-type="ref"}, [22](#embr201744853-bib-0022){ref-type="ref"}. The endoribonuclease Dicer cleaves pre‐miRNAs into approximately 22‐nucleotide‐long microRNA duplexes [23](#embr201744853-bib-0023){ref-type="ref"}. One of the strands of the miRNA duplex is then loaded onto Argonaute family of proteins (Ago), which are the major catalysts of the miRNA‐induced silencing complex (RISC) [24](#embr201744853-bib-0024){ref-type="ref"}, [25](#embr201744853-bib-0025){ref-type="ref"}. The RISC‐loading complex (RLC) consists of Dicer and its co‐factors TRBP (*HIV1‐TAR RNA Binding Protein*) and/or PACT (*Protein ACTivator of the interferon‐induced protein kinase*) and Ago [26](#embr201744853-bib-0026){ref-type="ref"}, [27](#embr201744853-bib-0027){ref-type="ref"}, [28](#embr201744853-bib-0028){ref-type="ref"}, [29](#embr201744853-bib-0029){ref-type="ref"}. TRBP and PACT are protein orthologues that bind to double‐stranded RNA and play a role in RNA interference and cellular stress responses by regulating protein kinase R (PKR) [30](#embr201744853-bib-0030){ref-type="ref"}. Although TRBP and PACT are known components of the RLC, their precise role in pre‐miRNA processing is still unclear.

Several publications have demonstrated the association of miRNA‐regulating proteins at intracellular membranes. For instance, it was shown that Ago associates at intracellular endosomes [31](#embr201744853-bib-0031){ref-type="ref"}, [32](#embr201744853-bib-0032){ref-type="ref"}, [33](#embr201744853-bib-0033){ref-type="ref"}. Furthermore, previous reports suggest that the RISC forms at the rough endoplasmic reticulum (rER) [34](#embr201744853-bib-0034){ref-type="ref"}, [35](#embr201744853-bib-0035){ref-type="ref"}, which is a site for protein production and homeostasis. Indeed, many miRNAs were shown to associate with neuronal polyribosomes [36](#embr201744853-bib-0036){ref-type="ref"}, [37](#embr201744853-bib-0037){ref-type="ref"}, suggesting that this may also be the case in neurons.

Here, we show that the RLC associates at the neuronal ER in the soma and dendrites of developing rat primary neurons. We observed that the subcellular localization of TRBP is dynamic following brain‐derived neurotrophic factor (BDNF) stimulation, which affects the production of miR‐16‐5p. We further show that BDNF inhibits the Dicer--TRBP interaction and pre‐miR16 processing by TRBP‐containing complexes. Finally, miR‐16‐5p is a negative regulator of dendritic complexity and mediates BDNF‐induced dendritogenesis by regulating the translation of the BDNF mRNA itself. Our results point towards a novel neurobiological mechanism, whereby the activity‐dependent regulation of TRBP localization at ER membranes mediates BDNF‐induced dendritogenesis by regulating the production of miR‐16‐5p.

Results {#embr201744853-sec-0002}
=======

The RISC‐loading complex associates at the neuronal endoplasmic reticulum {#embr201744853-sec-0003}
-------------------------------------------------------------------------

We first sought to characterize the subcellular distribution of RISC and RLC proteins in neurons. Postnuclear homogenates from developing rat primary cortical cultures were loaded underneath a continuous non‐ionic and iso‐osmotic density gradient consisting of iodixanol. We obtained efficient separation of the smooth and rough ER, in fractions 1--3 and 4--6, respectively, and found that a large majority of TRBP and PACT co‐sediment with the rER markers, ribophorin I, Climp63, and ribosomal protein S6 (RPS6), that also consist of the mitochondrial marker Tim23 (fractions 4--6; Fig [1](#embr201744853-fig-0001){ref-type="fig"}A). A portion of Dicer, Ago1, and Ago2 as well as markers of RNA granules such as FMRP (*Fragile × mental retardation protein*) and Staufen 2 also co‐sedimented in rER fractions. In contrast, the RISC component GW182 was absent from the rER, which is in line with a previous publication in *Drosophila* [35](#embr201744853-bib-0035){ref-type="ref"}, but co‐sedimented in light fractions with the late endosomal marker Lamp2, consistent with a previous publication in non‐neuronal cells [32](#embr201744853-bib-0032){ref-type="ref"}. High‐density fractions 8--10 consisted of RPS6, FMRP, Staufen 2, and GW182, as well as RISC and RLC proteins, suggesting that these fractions correspond to RNA granules and RNA processing bodies (P‐bodies). Notably, Dicer, Ago, and PACT, but not TRBP, were present in heavy fractions, which may indicate the presence of distinct RLC complexes. Moreover, the majority of Dicer is present in light fractions 1--3, corresponding to smooth ER as indicated by calnexin, which also consist of plasma membrane, endosomal markers as well as PACT (Fig [1](#embr201744853-fig-0001){ref-type="fig"}A). Nevertheless, we could isolate Dicer along with TRBP, PACT, and Ago1 and Ago2 in ER microsomes purified using differential centrifugation (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}A, [Appendix Fig S1A](#embr201744853-sup-0001){ref-type="supplementary-material"}), suggesting that at least a proportion of Dicer localizes at the ER.

![The microRNA‐generating complex localizes at the neuronal endoplasmic reticulum\
Components of the RLC co‐precipitate with ER markers in density gradient fractionation. The postnuclear supernatant of cortical neurons was loaded underneath a continuous Optiprep density gradient. ER markers, calnexin, ribophorin I, and Climp63, co‐sedimented with ribosomes (RPS6, *ribosomal protein subunit 6*), mitochondria (Tim23), and RLC proteins at fractions 3--5. The bottom graph shows the density of each fraction.TRBP, PACT, and Ago2 partially co‐localize with the ER marker mCherry‐CLIMP63. Hippocampal neurons (10 DIV) expressing mCherry‐CLIMP63 were immunostained with TRBP, PACT, or Ago2 antibodies. Boxed insets are magnifications of primary dendrites as depicted by the adjacent letters (scale bars; 10 μm).GFP‐Dicer partially co‐localizes with mCherry‐CLIMP63 at the neuronal soma and primary dendrites of hippocampal neurons. Neurons were imaged at 10 DIV using total internal reflection fluorescence (TIRF) microscopy using a penetration depth of 150 nm. Boxed insets are magnifications of primary dendrites as depicted by the adjacent letters (scale bars; 2 μm or 10 μm).The majority of Dicer, TRBP, and PACT are associated with neuronal membranes. Sequential detergent extraction was used to separate cytoplasmic from membrane fractions in 7 DIV cortical neurons. The relative quantity of depicted proteins was analyzed in three independent experiments (\*\**P* \< 0.005, *t*‐test type 3, *n* = 3, error bars s.d.). Actin and ribophorin I were used as loading controls for cytoplasmic and membrane fractions, respectively. The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.TRBP is cytoplasmic in primary astrocytes. Sequential detergent extraction was performed in primary astrocyte cultures. Actin and calnexin were used as loading controls for cytoplasmic and membrane fractions, respectively.The majority of Dicer, TRBP, and PACT proteins are present in cytoplasmic fractions in HEK293T cells, isolated using sequential detergent extraction.](EMBR-19-e44853-g002){#embr201744853-fig-0001}

![Validation of subcellular fractionation and immunocytochemistry\
RLC proteins are present at ER microsomes. Lysates from 7 DIV cortical neurons were subjected to differential centrifugation to isolate nuclear pellet (P1), postnuclear supernatant (PNS), mitochondrial pellet (P2), and ER microsomal pellet (P3), as depicted in the graphic on the right.GFP‐tagged TRBP and PACT overlap with the ER marker calnexin. Arrows point to overlapping regions in the cell soma. Hippocampal neurons were transfected at 7 DIV with dsRed, which was used as a morphological marker, and immunostained with anti‐calnexin antibody 3 days later (scale bars, 10μm).Hippocampal neurons were incubated with Mitotracker Deep Red (500 nM, 15 min) before fixation and immunostaining with TRBP or PACT antibodies. GFP was used as a morphological marker. Box insets represent magnified perinuclear regions (scale bars; 10 μm).TRBP‐containing RLCs associate at membrane fractions in 7 DIV cortical neurons. Membrane fractions were isolated using sequential detergent extraction, and co‐IP was performed using IgG control (IgG‐Ctrl) or 2 and 5 μg monoclonal anti‐TRBP antibody. The position of the stars corresponds to the correctly sized bands of the depicted proteins (TRBP; ˜43 kDa, Ago2; ˜97 kDa).Total levels of RLC proteins do not change following 20‐min BDNF stimulation. Cortical neurons were treated with BDNF or vehicle control, and lysates were processed in Western blot. BDNF stimulation was confirmed using an antibody against phosphorylated TrkA receptor (pTrkA). For quantification, relative band intensities were normalized to actin (*n* = 4, *t*‐test type 3, error bars are s.d.).BDNF stimulation decreases the Pearson\'s co‐localization of TRBP and calnexin at the soma (\**P* = 0.01) and dendrites (\*\**P* = 0.008) of hippocampal neurons. Average co‐localization values were normalized to control stimulation in each experiment (*n* = 4, *t*‐test type 3, error bars are s.d.).BDNF stimulation decreases the co‐localization of mCherry‐Climp63 and TRBP, but not with PACT or Ago2, analyzed using Pearson\'s correlation (\**P* = 0.01, *n* = 4, *t*‐test type 3, error bars are s.d.).BAPTA‐AM does not change the total levels of Dicer and TRBP. Primary cortical neurons were stimulated with vehicle controls, BAPTA‐AM or BDNF as indicated, and lysates were processed in Western blot. Actin was used as a loading control (*n* = 3, *t*‐test type 3, error bars are s.d.).](EMBR-19-e44853-g003){#embr201744853-fig-0001ev}

Using immunocytochemistry, we observed that endogenous TRBP, PACT, and Ago2 localize at perinuclear regions that partially overlap with mCherry‐Climp63 in primary hippocampal neurons (Fig [1](#embr201744853-fig-0001){ref-type="fig"}B). In addition, we detected partial co‐localization of these proteins with mCherry‐Climp63 at primary dendrites and dendritic branch points (inserts in Fig [1](#embr201744853-fig-0001){ref-type="fig"}B). Further, GFP‐TRBP and GFP‐PACT co‐localized with calnexin at perinuclear regions, providing independent support for the ER localization of these proteins in neurons (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}B). We did not observe co‐localization between endogenous TRBP and PACT with Mitotracker Deep Red, thus excluding the possibility that TRBP and PACT are present at mitochondria (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}C). Furthermore, HA‐tagged GW182 did not co‐localize with mCherry‐Climp63 ([Appendix Fig S1B](#embr201744853-sup-0001){ref-type="supplementary-material"}), thereby confirming results obtained by density gradient fractionation (Fig [1](#embr201744853-fig-0001){ref-type="fig"}A). As we could not find a reliable Dicer antibody for immunocytochemistry, we utilized total internal reflection fluorescence (TIRF) microscopy and imaged hippocampal neurons expressing GFP‐Dicer and mCherry‐Climp63. We set the penetration depth to 150 nm in order to visualize the ER at high signal‐to‐noise ratio. GFP‐Dicer partially overlaps with mCherry‐Climp63 at the cell soma and primary dendrites of hippocampal neurons (Fig [1](#embr201744853-fig-0001){ref-type="fig"}C), further supporting our fractionation results.

We further examined the association of RLC proteins with intracellular membranes using sequential detergent extraction in young cortical neurons as well as primary astrocytes and Hek293T cells. The mild detergent digitonin was used to permeabilize the plasma membrane and extract the cytosolic fraction, followed by application of stronger detergents to extract all other intracellular membranes apart from the nucleus. In neurons, the majority of Dicer, TRBP, and PACT were present in membrane fractions, while Ago1 and Ago2 are equally distributed between the cytosol and membranes (Fig [1](#embr201744853-fig-0001){ref-type="fig"}D). Interestingly, TRBP was exclusively cytoplasmic in primary astrocytes, while the majority of PACT and Dicer were associated with membranes (Fig [1](#embr201744853-fig-0001){ref-type="fig"}E, [Appendix Fig S1C](#embr201744853-sup-0001){ref-type="supplementary-material"}). TRBP, PACT, and Dicer were largely excluded from membrane fractions in Hek293T cells (Fig [1](#embr201744853-fig-0001){ref-type="fig"}F, [Appendix Fig S1D](#embr201744853-sup-0001){ref-type="supplementary-material"}), suggesting that the presence of membrane‐associated RLCs is cell type‐specific. To confirm that the RLC associates at neuronal membranes, we performed co‐immunoprecipitation (coIP) experiments in membrane fractions of developing cortical neurons, isolated using sequential detergent extraction. Indeed, membrane‐associated Dicer and Ago2 specifically co‐precipitated with anti‐TRBP antibody, used at two different concentrations (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}D). In summary, we show that the majority of the pre‐miRNA processing complex is present at intracellular neuronal membranes, and in particular at the perinuclear and dendritic ER.

BDNF stimulation induces the calcium‐dependent redistribution of TRBP from the ER into the cytoplasm {#embr201744853-sec-0004}
----------------------------------------------------------------------------------------------------

We next investigated the dynamics of the RLC in developing cortical neurons during BDNF signaling. BDNF is secreted in response to neuronal activity and plays important roles in the activity‐dependent development and plasticity of neuronal circuits [38](#embr201744853-bib-0038){ref-type="ref"}, [39](#embr201744853-bib-0039){ref-type="ref"}. Moreover, BDNF was previously shown to control the morphological plasticity of neurons via the regulation of several miRNAs [40](#embr201744853-bib-0040){ref-type="ref"}, [41](#embr201744853-bib-0041){ref-type="ref"}, [42](#embr201744853-bib-0042){ref-type="ref"}, [43](#embr201744853-bib-0043){ref-type="ref"}. BDNF led to a significant decrease in TRBP levels in ER microsomes isolated by differential centrifugation of cortical neurons, while the levels of other RLC components did not change significantly (Fig [2](#embr201744853-fig-0002){ref-type="fig"}A). Importantly, the total levels of RLC proteins did not change significantly with BDNF application (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}E).

![Short BDNF stimulation leads to the redistribution of TRBP from the ER to the cytoplasm\
BDNF stimulation leads to a decrease in TRBP levels from ER microsomes. Cortical neurons were stimulated BDNF with or vehicle control, and ER microsomes were isolated using differential centrifugation. Protein intensity values were normalized to calnexin in each of three independent experiments (\*\**P* = 0.008, *t*‐test type 3, *n* = 3, error bars; s.d.).Endogenous TRBP partially co‐localizes with calnexin at the neuronal cell soma and primary dendrites. Hippocampal neurons were transfected with GFP at 7 DIV and fixed at 10 DIV following BDNF or control stimulation. Boxed insets are magnifications of the primary dendrite (15 μm in length). Arrows point to overlapping puncta *(*scale bars; 20 μm (GFP) or 10 μm).BDNF leads to a decrease in co‐localization between TRBP and calnexin at the soma and primary dendrites of hippocampal neurons. Manders' co‐localization co‐efficients between TRBP and calnexin were measured in the cell soma or primary dendrites (15 μm) using GFP as a morphological mask. Average co‐localization values were normalized to controls in each experiment (*\*\*P* \< 0.008, *t*‐test type 3, *n* = 4, error bars; s.d.).BDNF decreases mCherry‐CLIMP63 co‐localization with TRBP, but not with PACT or Ago2. Hippocampal neurons were transfected with GFP and mCherry‐CLIMP63 at 7 DIV and immunostained 3 days later, following BDNF or control stimulation. Manders' co‐localization was measured at the cell soma using GFP as a mask as indicated (\**P* = 0.01, *t*‐test type 3, *n* = 4, error bars; s.d.).BDNF leads to an increase in the levels of TRBP (\**P* = 0.03) and PACT (\**P* = 0.004) in the cytoplasmic fraction. Cortical neurons (7 DIV) were control‐ or BDNF‐stimulated, and cytoplasmic fractions were isolated using digitonin. Protein intensity values were normalized to actin in each experiment. The position of the star corresponds to the TRBP band used for analysis (˜43 kDa) (*t‐*test type 3, *n* = 4, error bars; s.d.).The BDNF‐induced increase in cytoplasmic TRBP is dependent on intracellular calcium. Cortical neurons (7 DIV) were treated with vehicle control, BDNF and BAPTA‐AM as indicated, and cytoplasmic fractions were isolated using digitonin. Protein intensity values were normalized to actin in each independent experiment (*\*P* = 0.03, *n* = 3, error bars; s.d.).Data information: The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.](EMBR-19-e44853-g004){#embr201744853-fig-0002}

We further examined the subcellular distribution of TRBP in BDNF‐ or control‐treated hippocampal neurons that were immunostained with TRBP and calnexin antibodies. We detected partial co‐localization of TRBP and calnexin in both the soma and neuronal dendrites (Fig [2](#embr201744853-fig-0002){ref-type="fig"}B). We quantified TRBP and calnexin co‐localization using Manders' co‐localization analysis and found that BDNF leads to a decrease in TRBP overlapping with calnexin at both the cell soma and dendrites of hippocampal neurons (Fig [2](#embr201744853-fig-0002){ref-type="fig"}C). Similar results were obtained using Pearson\'s correlation analysis (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}F, [Appendix Fig S2A](#embr201744853-sup-0001){ref-type="supplementary-material"}). Moreover, BDNF caused a decrease in co‐localization between TRBP and mCherry‐Climp63, but not between PACT or Ago2 and mCherry‐Climp63, at the soma of hippocampal neurons (Figs [2](#embr201744853-fig-0002){ref-type="fig"}D, and [EV1](#embr201744853-fig-0001ev){ref-type="fig"}G, [Appendix Fig S2B and C](#embr201744853-sup-0001){ref-type="supplementary-material"}), thereby confirming our fractionation results (Fig [2](#embr201744853-fig-0002){ref-type="fig"}A). We next isolated digitonin‐permeabilized cytoplasmic fractions from BDNF‐ or control‐treated cortical neurons and found that BDNF leads to an increase in cytoplasmic TRBP and PACT compared to controls (Fig [2](#embr201744853-fig-0002){ref-type="fig"}E).

As it was previously suggested that BDNF leads to the phosphorylation of TRBP and increased binding to Dicer [43](#embr201744853-bib-0043){ref-type="ref"}, we examined the role of phosphorylation in TRBP redistribution. We did not detect differences in binding to Dicer in co‐IP or in the subcellular distribution of the reported phosphomimetic (S4D) and phosphonull (S4A) TRBP mutants compared to wild‐type TRBP ([Appendix Fig S3A and B](#embr201744853-sup-0001){ref-type="supplementary-material"}). Furthermore, we did not find evidence of TRBP phosphorylation in neuronal cytoplasmic fractions treated with lambda phosphatase, in contrast to the heavily phosphorylated Myosin Va, which was used as a positive control ([Appendix Fig S3C](#embr201744853-sup-0001){ref-type="supplementary-material"}), suggesting that phosphorylation of TRBP does not mediate its redistribution to the cytosol. Instead, we found that the BDNF‐induced increase in cytoplasmic TRBP was blocked by application of the intracellular calcium chelator BAPTA‐AM (Fig [2](#embr201744853-fig-0002){ref-type="fig"}F), while the total levels of Dicer and TRBP were unchanged (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}H), suggesting that TRBP redistribution to the cytoplasm is dependent on calcium. We were therefore prompted to further investigate the intracellular dynamics of RLC proteins as a possible mechanism to regulate RLC complexes and therefore pre‐miRNA processing in neurons.

BDNF leads to the dissociation of TRBP from Dicer and transiently inhibits pre‐miR16 processing {#embr201744853-sec-0005}
-----------------------------------------------------------------------------------------------

We found that TRBP is dynamic upon BDNF stimulation, while Dicer remains stably associated with the ER (Fig [2](#embr201744853-fig-0002){ref-type="fig"}A). We therefore speculated that BDNF might affect the interaction between TRBP and Dicer. Indeed, short BDNF stimulation of cortical neurons led to a robust decrease in the Dicer--TRBP interaction in co‐IPs using two different TRBP antibodies as bait (Figs [3](#embr201744853-fig-0003){ref-type="fig"}A and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}A). This effect was not observed in co‐IP from isolated cytoplasmic fractions (Fig [EV2](#embr201744853-fig-0002ev){ref-type="fig"}B), supporting the hypothesis that BDNF‐dependent dissociation between TRBP and Dicer occurs at the membrane.

![BDNF leads to TRBP dissociation from Dicer and decreased processing of pre‐miR16\
BDNF stimulation causes a decrease in the TRBP--Dicer interaction. Young cortical neurons were treated with BDNF or vehicle control, and co‐immunoprecipitations (co‐IPs) were performed using 2 μg control IgG or polyclonal anti‐TRBP antibodies. Dicer binding in co‐IP was normalized to inputs in each experiment (*\*\*P* = 0.001, *t*‐test type 2, *n* = 3, error bars represent s.d.).Short BDNF stimulation changes the levels of only a few microRNAs, such as miR‐16‐5p and miR‐551b‐5p. Volcano plot of small RNA sequencing data from BDNF‐ or control‐treated cortical neurons (6 DIV) was based on differential expression analysis using the edgeR package. Individual points represent the average fold change obtained in three independent experiments for each miRNA and plotted against obtained *P*‐values. MiRNAs above the red dashed line are significant (*P \<* 0.05, *t*‐test type 2, *n* = 3).BDNF stimulation leads to a transient decrease in mature miR‐16‐5p levels. 6 DIV cortical neurons were treated with BDNF for 10 or 20 min, and mature miRNA levels were measured in RT--PCR. *C* ~t~ values for each miRNA were normalized to U6 and to 20 min of control stimulation (*n* = 3, *\*P* = 0.02, *t*‐test type 3, error bars; s.d.).BDNF stimulation leads to a transient increase in the levels of pre‐miR16 after 10 min of BDNF stimulation. *C* ~t~ values obtained in RT--PCR were normalized to U6 and to 20‐min control stimulation (*n* = 4, *t*‐test type 3, error bars; s.d.).BDNF causes a decrease in pre‐miR16 binding to TRBP. Cortical neurons were treated with BDNF or vehicle control, and RNA IPs were performed using a mouse monoclonal anti‐TRBP antibody. *C* ~t~ values measured in RT--PCR were normalized to respective inputs (*n* = 3, *\*\*P* = 0.002, *t*‐test type 3, error bars represent s.d.).Data information: The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.](EMBR-19-e44853-g006){#embr201744853-fig-0003}

![BDNF affects Dicer binding to TRBP and PACT and bi‐directionally regulates the total levels of a few miRNAs\
BDNF causes a decrease in the Dicer--TRBP interaction in co‐IP experiments using a monoclonal mouse TRBP antibody or IgG control. Young cortical neurons were treated with BDNF or vehicle control for 20 min before lysis. The star depicts the right band for immunoprecipitated TRBP (43 kDa).BDNF does not affect the interaction of cytoplasmic Dicer and TRBP. Cytoplasmic fractions of stimulated cortical neurons were isolated, and co‐IP was performed using anti‐TRBP antibody or control IgG. The star depicts the right band for immunoprecipitated TRBP (43 kDa).BDNF does not affect global levels of microRNAs in small RNA sequencing. The average read counts (log~2~) of miRNAs from three independent experiments were plotted on the *x*‐axis for the control and *y*‐axis for the BDNF‐treated conditions.BDNF stimulation bi‐directionally regulates the levels of a few microRNAs in small RNA sequencing (*P \<* 0.05, *n* = 3, *t*‐test type 2, error bars are s.d.).BDNF does not lead to changes in 5p versus 3p strand selection. The read count ratio (log~2~) of 5p and 3p miRNAs, generated from the same precursor, was calculated from small RNA sequencing data. The averaged values for three independent experiments were plotted on the *x*‐axis for the control and *y*‐axis for the BDNF‐treated conditions.](EMBR-19-e44853-g005){#embr201744853-fig-0002ev}

Several publications show that TRBP is important in Dicer‐mediated cleavage of pre‐miRNAs [28](#embr201744853-bib-0028){ref-type="ref"}, [44](#embr201744853-bib-0044){ref-type="ref"}, [45](#embr201744853-bib-0045){ref-type="ref"}. We therefore reasoned that the decrease in the TRBP--Dicer interaction following BDNF stimulation would lead to changes in pre‐miRNA processing and therefore miRNA production. We profiled mature miRNA levels in neurons stimulated with BDNF or vehicle control for 20 min using small RNA sequencing. Overall, this brief stimulation protocol had relatively modest effects on mature miRNA levels (Figs [3](#embr201744853-fig-0003){ref-type="fig"}B and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}C). However, four miRNAs were differentially regulated in a highly reproducible manner (*P* \< 0.05; Figs [3](#embr201744853-fig-0003){ref-type="fig"}B and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}D), suggesting that BDNF rapidly affects the biogenesis of a few neuronal miRNAs. Among them, miR‐16‐5p and miR‐551b‐5p levels were significantly reduced by BDNF (Figs [3](#embr201744853-fig-0003){ref-type="fig"}B and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}D), consistent with the reduced TRBP--Dicer interaction under these conditions (Fig [3](#embr201744853-fig-0003){ref-type="fig"}A).

We further investigated the levels of miR‐16‐5p and miR‐551b‐5p as well as the levels of an unaffected neuronal miRNA, miR‐138‐5p, following 10 and 20 min of BDNF stimulation using real‐time PCR (RT--PCR). We observed a significant decrease in relative levels of mature miR‐16‐5p after 10 min of BDNF stimulation, whereas the levels of miR‐551b‐5p and miR‐138‐5p did not change significantly (Fig [3](#embr201744853-fig-0003){ref-type="fig"}C). Consistently, we observed a corresponding trend in the levels of pre‐miR16, but not pre‐miR551b or pre‐miR138, which increased after 10 min of BDNF stimulation and returned back to basal at 20 min (Fig [3](#embr201744853-fig-0003){ref-type="fig"}D). Moreover, pre‐miR16 binding to TRBP was strongly reduced in BDNF‐treated cortical neurons compared to control as assessed by anti‐TRBP RNA IP (Fig [3](#embr201744853-fig-0003){ref-type="fig"}E). Taken together, our results suggest that BDNF leads to decreased processing of pre‐miR16 by TRBP‐containing processing complexes, presumably as a result of TRBP dissociation from ER‐associated Dicer.

BDNF leads to changes in isomiR levels in cortical neurons {#embr201744853-sec-0006}
----------------------------------------------------------

Although it is known that TRBP is an integral component of the RLC, the precise role of TRBP in pre‐miRNA processing is controversial. For example, there are conflicting results on the role of TRBP in 5p versus 3p miRNA strand selection for loading onto Ago [45](#embr201744853-bib-0045){ref-type="ref"}, [46](#embr201744853-bib-0046){ref-type="ref"}. Consistent with the study by Kim *et al,* we did not observe any changes in the 5p to 3p ratio of miRNAs in small RNA sequencing following BDNF (Fig [EV2](#embr201744853-fig-0002ev){ref-type="fig"}E). It was further shown that TRBP affects the position of Dicer‐mediated cleavage of pre‐miRNAs, thereby promoting the formation of longer miRNA isomers, so called "isomiRs" [45](#embr201744853-bib-0045){ref-type="ref"}, [46](#embr201744853-bib-0046){ref-type="ref"}. Consistently, examination of our small RNA sequencing data shows that BDNF causes significant bi‐directional changes in the relative proportion of 12 isomiRs annotated as canonical (Fig [4](#embr201744853-fig-0004){ref-type="fig"}A, "0"), and 33 miRNAs with significant changes in relative proportion of at least one isomiR, following BDNF stimulation, including three members of the miR16 family (Fig [EV3](#embr201744853-fig-0003ev){ref-type="fig"}). Interestingly, the clustered miR16 family members, miR‐16‐5p and miR‐15b‐5p, had an increased proportion of short isomiRs at the expense of the longer, 22‐nucleotide canonical isomiRs, following BDNF stimulation (Fig [4](#embr201744853-fig-0004){ref-type="fig"}B). This is consistent with the exclusion of TRBP from Dicer‐containing pre‐miRNA processing complexes, which would favor the production of shorter isomiRs (Fig [4](#embr201744853-fig-0004){ref-type="fig"}C). Thus, a BDNF‐dependent isomiR switch may further contribute to the decrease in the total levels of miR‐16‐5p.

![BDNF changes the relative isomiRs levels for members of the miR16 family\
BDNF changes the canonical isomiR proportion of a subset of miRNAs. IsomiR levels were compared to the total amount of the corresponding miRNA. Shown are the miRNAs that had significant changes in the canonical isomiR (annotated as "0", *P* \< 0.05, *t*‐test type 2, *n* = 3). Results are shown in order of decreasing significance. Shown in red are miRNAs of the miR16 family, miR‐16‐5p, and miR‐15b‐5p. Black squares correspond non‐existing isomiRs. Numbers on the top of the table represent the trimming (negative) or addition (positive) of nucleotides to the 3′‐ or 5′‐end of the canonical 5p or 3p isomiRs, respectively. Only templated nucleotide additions and trimmings, which might reflect Dicer‐mediated pre‐miRNA cleavage, were considered for analysis.BDNF stimulation leads to a decrease in the canonical (22 nucleotides) isomiRs of the miR16 family, miR‐16‐5p (\*\**P* = 0.005), and miR‐15b‐5p (\**P* = 0.02). In both cases, this is accompanied by an increase in the levels of shorter isomiRs; the 19‐nucleotide isoform of miR‐16‐5p (\**P* = 0.04); and the 21‐nucleotide isoform of miR‐15b‐5p (\*\**P* = 0.007). The relative isomiRs proportion was calculated as described in A (*t*‐test type 2, *n* = 3, error bars; s.d.).Schematic representation of the pre‐miRNA sequence and stem‐loop structure for pre‐miR16 and pre‐miR15b. The 5p and 3p canonical miRNA sequences are highlighted in pink. The red arrows depict the predicted Dicer cleavage sites that would lead to shorter isomiRs induced by BDNF, as shown in (B).](EMBR-19-e44853-g008){#embr201744853-fig-0004}

![Short‐term BDNF stimulation causes changes in the isomiR levels of many miRNAs\
Cortical neurons were treated with BDNF or vehicle control for 20 min, and isomiR levels were analyzed in small RNA sequencing. Shown are the miRNAs that have a significant change in the relative levels of at least one isomiR. The list is arranged in ascending order of the fold change of canonical isomiRs for each miRNA. Shown in red are members of the miR16 family, miR‐16‐5P, miR‐15b‐5p, and miR‐15a‐5p. Canonical isomiRs for each miRNA are depicted as "0". Numbers represent the trimming (negative) or addition (positive) of nucleotides to the 3′‐ or 5′‐end of the canonical 5p or 3p isomiRs, respectively. Only templated nucleotide additions and trimmings, which might reflect Dicer‐mediated cleavage, have been considered for analysis (*P* \< 0.05, *n* = 3, *t*‐test type 3).](EMBR-19-e44853-g007){#embr201744853-fig-0003ev}

MiR‐16‐5p mediates BDNF‐induced dendritogenesis {#embr201744853-sec-0007}
-----------------------------------------------

It was previously shown that miR16 is important for neurogenesis *in vivo* [47](#embr201744853-bib-0047){ref-type="ref"}. However, little is known about its potential role in postnatal development. We first examined the regulation of miR‐16‐5p activity in young hippocampal neurons using a single‐cell, dual‐fluorescence sensor assay. We quantified endogenous miR‐16‐5p activity in hippocampal neurons transfected with a polycistronic vector expressing GFP and dsRed with two miR‐16‐5p binding sites within its 3′UTR ("miR16 sensor") or a control sensor (Fig [5](#embr201744853-fig-0005){ref-type="fig"}A). There were higher numbers of dsRed‐repressed cells in neurons transfected with the miR16 sensor compared to control, indicating the presence of endogenous miR‐16‐5p activity. Further, miR‐16‐5p activity was inhibited by the addition of an anti‐sense locked nucleic acid (LNA) inhibitor ("LNA‐miR16"), versus control LNA ("LNA‐Ctrl") (Fig [5](#embr201744853-fig-0005){ref-type="fig"}B), demonstrating the specificity of this effect. Using this assay, we further show that endogenous miR‐16‐5p activity is reduced following 20 min of BDNF stimulation, but not after 24 h (Fig [5](#embr201744853-fig-0005){ref-type="fig"}C), suggesting that the BDNF‐induced block in pre‐miR16 processing leads to a transient decrease in miR‐16‐5p activity.

![MiR‐16‐5p mediates BDNF‐induced dendritogenesis of hippocampal neurons\
ASchematic of single‐cell dual‐fluorescence miRNA sensor assay. The control sensor plasmid consists of GFP and dsRed expressed under a separate promoter (top panel). The miR16 sensor includes two miR‐16‐5p binding sites at the 3′UTR of dsRed. Binding of endogenous miR‐16‐5p to the dsRed mRNA would inhibit the translation of dsRed but not GFP (bottom panel).BEndogenous miR‐16‐5p activity in developing hippocampal neurons. Hippocampal neurons were transfected with 500 ng miR16 or control sensor at 4 DIV and with or without LNA control ("LNA‐Ctrl") or the anti‐sense miR‐16‐5p inhibitor ("LNA‐miR16"). Cells were fixed at 7 DIV, and the number of neurons expressing GFP and not dsRed ("GFP‐only") was compared to the total number of transfected neurons. LNA‐miR16 reduces the amount of repression of the miR16 sensor compared to LNA‐Ctrl (*n* = 4, *\*P* = 0.02, *t*‐test type 2, error bars represent s.d.).CShort‐term BDNF stimulation inhibits endogenous miR‐16‐5p activity. Hippocampal neurons were transfected at 4 DIV and treated with BDNF either 24 h or 20 min before fixation, and neurons were counted as in (B). Repression index was obtained by normalizing the miR16 sensor to the control sensor condition in each experiment (*n* = 4, \**P* = 0.02, *t*‐test type 3, error bars; s.d.).D, EInhibition of miR‐16‐5p increases dendritic complexity and occludes BDNF‐induced dendritogenesis. (D) Hippocampal neurons were transfected with the control sensor (A) and stimulated with control or BDNF 24 h before fixation. Pictures were obtained on a confocal microscope, and thresholds were set to dsRed signal fluorescence in order to distinguish individual dendrites (scale bars are 10 μm). (E) To quantify dendritic complexity, the total number of dendritic intersections was calculated using Sholl analysis. Values were normalized to LNA‐Ctrl and control treatment (*n* = 3, *\*P* \< 0.04, *t*‐test type 3, error bars represent s.d.).F, GOverexpression of miR‐16‐5p blocks BDNF‐induced dendritogenesis. (F) Hippocampal neurons were transfected with control sensor and either control miRNA mimic (miR‐Ctrl) or a miR‐16‐5p mimic (miR16) and treated 2 days later with BDNF or control vehicle. DsRed signal fluorescence was used to set a threshold on images obtained on a confocal microscope (scale bars; 10 μm). (G) Total number of intersections was quantified in Sholl analysis, and values were normalized to miR‐Ctrl, control treatment in each experiment (*n* = 4, \**P* = 0.02, *t*‐test type 3, error bars; s.d.).H, IOverexpression of the Dicer binding‐deficient deletion mutant of TRBP (GFP‐TRBP Δ) occludes BDNF‐induced dendritogenesis. (H) Hippocampal neurons were transfected with 200 ng dsRed and either 50 ng GFP or 200 ng GFP‐TRBP Δ, and treated 2 days later with BDNF or control vehicle. DsRed signal fluorescence was used to set a threshold on images obtained on a confocal microscope (scale bars; 10 μm). (I) Total number of intersections was quantified in Sholl analysis, and values were normalized to control treatment in each experiment (*n* = 5, \**P* \< 0.02, *t*‐test type 3, error bars; s.d.).Data information: The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.](EMBR-19-e44853-g010){#embr201744853-fig-0005}

We next examined the role of miR‐16‐5p in the maturation of hippocampal neurons using inhibition or overexpression of miR‐16‐5p. As expected, BDNF increased the dendritic complexity of young hippocampal neurons transfected with GFP and either LNA‐Ctrl or an oligonucleotide control sequence for miRNA overexpression ("miR‐Ctrl") (Figs [5](#embr201744853-fig-0005){ref-type="fig"}D--G, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}A and C). Inhibition of miR‐16‐5p activity using LNA‐miR16 led to an increase in the dendritic complexity of hippocampal neurons at basal levels and occluded BDNF‐induced dendritogenesis (Figs [5](#embr201744853-fig-0005){ref-type="fig"}D and E, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}B). Conversely, overexpression of miR‐16‐5p blocked BDNF‐induced dendritogenesis (Figs [5](#embr201744853-fig-0005){ref-type="fig"}F and G, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}D). Further, overexpression of a Dicer binding‐deficient truncation mutant of TRBP (GFP‐TRBP Δ) led to an increase in dendrite complexity that occluded BDNF‐induced dendritogenesis (Figs [5](#embr201744853-fig-0005){ref-type="fig"}H and I, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}E and F), similarly to miR16 inhibition. Collectively, these results suggest that the transient, activity‐dependent inhibition of miR‐16‐5p activity via the dissociation of TRBP and Dicer is crucial for BDNF‐induced dendritogenesis.

![Sholl analysis in BDNF‐ or control‐treated hippocampal neurons\
A, BInhibition of miR‐16‐5p activity using LNA inhibitor (LNA‐miR16) occludes BDNF‐induced dendritogenesis of hippocampal neurons, compared to control LNA (LNA‐Ctrl). The average number of dendritic intersections is shown for each concentric circle in increasing order of distance from the cell soma (*n* = 3, error bars represent s.e.m.).C, DOverexpression of miR‐16‐5p blocks BDNF‐induced dendritogenesis compared to a non‐functional control miRNA (miR‐Ctrl) (*n* = 4, error bars; s.e.m.).E, FOverexpression of the Dicer binding‐deficient mutant of TRBP (GFP‐TRBP Δ) occludes BDNF‐induced dendritogenesis of hippocampal neurons compared to GFP control (*n* = 5, error bars; s.e.m.).](EMBR-19-e44853-g009){#embr201744853-fig-0004ev}

BDNF stimulation up‐regulates BDNF mRNA translation via miR‐16‐5p {#embr201744853-sec-0008}
-----------------------------------------------------------------

We were interested in identifying target mRNAs that may mediate the effect of miR‐16‐5p on BDNF‐induced dendritogenesis. Interestingly, the BDNF mRNA itself has a conserved target site for the miR16 family of miRNAs within its short 3′UTR (Fig [6](#embr201744853-fig-0006){ref-type="fig"}A). Furthermore, miR‐16‐5p levels increase in an animal model of depression, which is inversely correlated with decreased levels of BDNF mRNA *in vivo* [48](#embr201744853-bib-0048){ref-type="ref"}. We therefore tested whether the BDNF 3′UTR is a direct target of miR‐16‐5p in primary cortical neurons. We transfected developing cortical neurons with a dual‐luciferase reporter consisting of the short 3′UTR of the BDNF mRNA ("3′UTR WT") or a miR‐16‐5p‐binding site mutant ("3′UTR Mut"), and either miR‐Ctrl or miR‐16‐5p. Overexpression of miR‐16‐5p reduced the expression of 3′UTR WT but not 3′UTR Mut (Fig [6](#embr201744853-fig-0006){ref-type="fig"}B), suggesting that the miR‐16‐5p binding site within the BDNF 3′UTR is indeed functional. Furthermore, BDNF transiently increased the expression of 3′UTR WT but not 3′UTR Mut ([Appendix Fig S4](#embr201744853-sup-0001){ref-type="supplementary-material"}), which was blocked by miR‐16‐5p overexpression (Fig [6](#embr201744853-fig-0006){ref-type="fig"}C). Given the growth‐promoting effect of BDNF, this result is consistent with the observed role of miR‐16‐5p as an inhibitor of dendritic outgrowth. In compartmentalized hippocampal neuron cultures, we could robustly detect pre‐miR16 in neuronal processes by qPCR, to a similar extent as the known dendritically enriched pre‐miR341 and in contrast to the somatically enriched pre‐miR137 (Fig [6](#embr201744853-fig-0006){ref-type="fig"}D) [20](#embr201744853-bib-0020){ref-type="ref"}. This is consistent with local pre‐miR16 processing and local regulation of translation in the dendritic compartment.

![The BDNF mRNA is a miR‐16‐5p target and is regulated during BDNF stimulation\
Diagram showing the region of the BDNF 3′UTR bound by miR16 family of miRNAs that is conserved across species. Nucleotides colored in red depict the binding site of miR‐16‐5p (sequences obtained from [www.targetscan.org](http://www.targetscan.org)).MiR‐16‐5p targets the 3′UTR of the BDNF mRNA. Cortical neurons were transfected with 100 ng pmiRGlo dual‐luciferase reporter consisting of the 3′UTR of BDNF (3′UTR WT) or a miR‐16‐5p‐binding site mutant (3′UTR Mut) and either miR‐Ctrl or miR‐16. The firefly‐to‐Renilla luciferase ratio was measured, and values were normalized to the respective reporter expression without miRNA mimic co‐transfection (*n* = 3, \**P* = 0.02, *t*‐test type 2).BDNF stimulation leads to an increase in the translation of 3′UTR WT (\**P* = 0.02, *t*‐test type 3) but not 3′UTR Mut luciferase reporter, which is rescued by miR‐16‐5p overexpression (\*\**P* = 0.002; *t*‐test type 2). Cortical neurons were transfected as in (B), stimulated with BDNF or vehicle control for 20 min, and lysed 2 h after stimulation (*n =* 4).Pre‐miR16 is present in the neuronal cell soma and processes of hippocampal neurons. Neurons were plated on compartmentalized chambers, and RNA was isolated from the neuronal cell body and processes separately. Pre‐miR137 and pre‐miR341 were used to assay somatic and neurite enrichment, respectively. Raw *C* ~t~ values were normalized to GAPDH mRNA in each experiment (*n* = 3).Data information: The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.](EMBR-19-e44853-g012){#embr201744853-fig-0006}

Expression of a membrane‐targeted TRBP rescues the BDNF‐induced decrease in miR‐16‐5p and blocks BDNF‐induced dendritogenesis {#embr201744853-sec-0009}
-----------------------------------------------------------------------------------------------------------------------------

Since the intracellular localization of TRBP is dynamic upon BDNF, we examined whether the relocalization of TRBP to the cytosol is important for the BDNF‐induced decrease in miR‐16‐5p activity. We generated a membrane‐targeted GFP‐TRBP ("mGFP‐TRBP") by adding a palmitoylation signal at the N‐terminus of GFP. We reasoned that mGFP‐TRBP would be associated with membranes even after BDNF stimulation and could therefore be utilized to examine the importance of TRBP localization in miR‐16‐5p production during BDNF signaling. Using sequential detergent extraction in Hek293T cells transfected with GFP, GFP‐TRBP, or mGFP‐TRBP, we validated that the majority of mGFP‐TRBP is present in the membrane fraction, whereas most but not all of GFP‐TRBP is present in the cytoplasm (Fig [EV5](#embr201744853-fig-0005ev){ref-type="fig"}A). In addition, mGFP‐TRBP had perinuclear localization whereas GFP‐TRBP displayed a more diffuse distribution pattern in the cell soma of hippocampal neurons (Fig [EV5](#embr201744853-fig-0005ev){ref-type="fig"}B). Moreover, Dicer associated with mGFP‐TRBP more strongly compared to GFP‐TRBP in co‐IP experiments in Hek293T cells (Fig [7](#embr201744853-fig-0007){ref-type="fig"}A), which is consistent with the hypothesis that intracellular membranes favor the association of Dicer and TRBP complexes.

![TRBP relocalization from the membrane to the cytoplasm is required for BDNF‐induced dendritogenesis\
Membrane‐targeted GFP‐TRBP (mGFP‐TRBP) is present at the membrane fraction. HEK293T cells were transfected with 200 ng GFP, 400 ng GFP‐TRBP, or 400 ng mGFP‐TRBP, and sequential detergent extraction was performed 24 h later to isolate cytoplasmic and membrane fractions.Distribution of cytoplasmic and membrane‐associated GFP‐TRBP in immunofluorescence of hippocampal neurons. Neurons were transfected at 4 DIV with dsRed and GFP‐TRBP or mGFP‐TRBP and fixed 3 days later. Note that GFP‐TRBP is not exclusively cytoplasmic (scale bars are 10 μm).Sholl analysis in BDNF‐ or control‐treated hippocampal neurons expressing GFP, GFP‐TRBP, or mGFP‐TRBP. mGFP‐TRBP blocks BDNF‐induced dendritogenesis, whereas GFP‐TRBP has a partial effect. The number of dendritic intersections is shown for each concentric circle, in increasing order of distance from the cell soma (*n* = 3, error bars; s.e.m.).](EMBR-19-e44853-g011){#embr201744853-fig-0005ev}

![Membrane‐associated TRBP expression blocks the BDNF‐induced decrease in miR16 and BDNF‐induced dendritogenesis\
AMore Dicer binds to membrane‐targeted GFP‐TRBP (mGFP‐TRBP) compared to GFP‐TRBP. HEK293T cells were transfected with GFP, GFP‐TRBP, or mGFP‐TRBP, and cell lysates were processed for co‐IP using anti‐GFP antibody. Dicer binding was normalized to respective input lanes in each condition (*n* = 4, \**P* = 0.02; *t*‐test type 2, error bars are s.d.).BmGFP‐TRBP but not GFP‐TRBP blocks the BDNF‐induced decrease in miR‐16‐5p activity in dual‐fluorescence sensor assay. Hippocampal neurons were transfected with 200 ng miR16 or control sensor (see Fig [5](#embr201744853-fig-0005){ref-type="fig"}A) plus 50 ng GFP, 400 ng GFP‐TRBP, or 400 ng mGFP‐TRBP. Neurons were treated with BDNF or vehicle control prior to fixation and immunostained with anti‐GFP antibody. BDNF led to a decrease in miR‐16‐5p activity in GFP‐transfected neurons (\**P* = 0.03, *n* = 4, *t*‐test type 3), which was significantly different from mGFP‐TRBP‐expressing neurons (\**P* = 0.04, *n* = 4, *t*‐test type 2, error bars are s.d.).C, DBDNF‐induced dendritogenesis is blocked by mGFP‐TRBP overexpression. (C) Hippocampal neurons (4 DIV) were transfected for 3 days with 200 ng dsRed, and 50 ng GFP, 400 ng GFP‐TRBP, or 400 ng mGFP‐TRBP. Neurons were treated with BDNF or vehicle control 24 h before fixation. Pictures were obtained on a confocal microscope, and threshold was set for dsRed to distinguish individual dendrites (scale bars are 10 μm). (D) The total number of intersections was calculated in Sholl analysis, and values were normalized to control treatment in each of three independent experiments. BDNF led to a significant increase in dendritic complexity (\**P* = 0.04; *t*‐test type 3), which was significantly different in cells transfected with mGFP‐TRBP, but not GFP‐TRBP (*n* = 3, \**P* = 0.03; *t*‐test type 2, error bars; s.d.).Data information: The dotted line is placed at 1 to indicate the fold change. Individual data points acquired in three independent experiments are shown as separate shapes.](EMBR-19-e44853-g013){#embr201744853-fig-0007}

Next, we transfected developing hippocampal neurons with the dual‐fluorescence miR16 sensor (Fig [5](#embr201744853-fig-0005){ref-type="fig"}A) and either GFP, GFP‐TRBP, or mGFP‐TRBP, and quantified miR‐16‐5p activity in neurons treated with BDNF or vehicle control. Consistent with previous experiments, BDNF reduced the miR‐16‐5p‐mediated repression of dsRed in cells co‐transfected with GFP (Fig [7](#embr201744853-fig-0007){ref-type="fig"}B). Data from mGFP‐TRBP‐ but not GFP‐TRBP‐expressing neurons were significantly different from GFP control (Fig [7](#embr201744853-fig-0007){ref-type="fig"}B). At the functional level, expression of mGFP‐TRBP blocked BDNF‐induced dendritogenesis (Figs [7](#embr201744853-fig-0007){ref-type="fig"}C and D, and [EV5](#embr201744853-fig-0005ev){ref-type="fig"}C), similarly to miR‐16‐5p overexpression (Figs [5](#embr201744853-fig-0005){ref-type="fig"}F and G, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}C and D). Consistent with the dual‐fluorescence assay (Fig [7](#embr201744853-fig-0007){ref-type="fig"}B), expression of GFP‐TRBP had a partial effect on BDNF‐induced dendritogenesis that is not significantly different to the GFP control condition (Figs [7](#embr201744853-fig-0007){ref-type="fig"}C and D, and [EV5](#embr201744853-fig-0005ev){ref-type="fig"}C). The observed association of a small fraction of GFP‐TRBP to intracellular membranes might explain its partial effects in these assays (Fig [EV5](#embr201744853-fig-0005ev){ref-type="fig"}A and B). Collectively, these results suggest that the targeting of TRBP to neuronal membranes inhibits the BDNF‐induced decrease in miR‐16‐5p activity that is necessary for dendritogenesis. Therefore, the dynamic redistribution of TRBP from intracellular membranes, concomitant to its dissociation from Dicer, inhibits miR‐16‐5p production and thus leads to the derepression of neuronal target mRNAs such as BDNF, which is necessary and sufficient for BDNF‐dependent dendritogenesis.

Discussion {#embr201744853-sec-0010}
==========

MiRNA‐generating complexes at intracellular membranes {#embr201744853-sec-0011}
-----------------------------------------------------

We show that the major proteins of the miRNA‐generating complex co‐purify with ER markers in developing neurons (Figs [1](#embr201744853-fig-0001){ref-type="fig"}A and [EV1](#embr201744853-fig-0001ev){ref-type="fig"}A). Notably, a major pool of Dicer co‐sediments at light density fractions corresponding to smooth ER, the plasma membrane and endosomes, that is devoid of TRBP (Fig [1](#embr201744853-fig-0001){ref-type="fig"}A). As PACT was also present at these fractions (Fig [1](#embr201744853-fig-0001){ref-type="fig"}A), and PACT and TRBP were shown to have differential roles in pre‐miRNA processing *in vitro* [45](#embr201744853-bib-0045){ref-type="ref"}, [49](#embr201744853-bib-0049){ref-type="ref"}, we speculate the presence of distinct pools of Dicer‐containing complexes, with distinct miRNA production profiles. It is worth noting, however, that Dicer has miRNA‐independent functions [50](#embr201744853-bib-0050){ref-type="ref"} that may also be represented at these sites.

As TRBP is almost exclusively found at the rER (Figs [1](#embr201744853-fig-0001){ref-type="fig"}A and [EV1](#embr201744853-fig-0001ev){ref-type="fig"}A, [Appendix Fig S1A](#embr201744853-sup-0001){ref-type="supplementary-material"}), and Dicer and TRBP interact at neuronal membrane fractions (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}D), we propose that the rER forms a selective platform for TRBP‐containing pre‐miRNA processing complexes, which may be important for the local regulation of miRNA production and activity. For instance, TRBP may specifically regulate miRNAs whose target mRNAs are translated at the rER, consistent with our observation that miR‐16‐5p regulates BDNF (Fig [6](#embr201744853-fig-0006){ref-type="fig"}A--C), a secretory protein that undergoes translation at the rER. Interestingly, it was previously shown that the rER is specifically localized at dendritic branch points, where it directs the secretion of newly formed proteins, such as AMPA receptors [51](#embr201744853-bib-0051){ref-type="ref"}. We detected co‐localization of TRBP, PACT, and Ago2 with the rER marker mCherry‐Climp63 in both perinuclear regions and at dendritic branch points of hippocampal neurons (Fig [1](#embr201744853-fig-0001){ref-type="fig"}B, [Appendix Fig S2B](#embr201744853-sup-0001){ref-type="supplementary-material"}), suggesting that miRNA production and translational repression may also preferentially occur at these sites. Moreover, we found that pre‐miR16 is found in both neuronal processes and the cell soma (Fig [6](#embr201744853-fig-0006){ref-type="fig"}D), supporting the hypothesis that pre‐miR‐16 processing occurs at the dendritic rER.

Interestingly, we find that Dicer and PACT, core components of the miRNA‐generating complex, preferentially associate with membranes in primary neurons and astrocytes. This is in stark contrast to Hek293T cells, where the large majority of these proteins are cytoplasmic (Fig [1](#embr201744853-fig-0001){ref-type="fig"}E and F, [Appendix Fig S1C and D](#embr201744853-sup-0001){ref-type="supplementary-material"}). Intriguingly, we observed that in contrast to neurons, TRBP is mostly cytoplasmic in primary astrocytes (Fig [1](#embr201744853-fig-0001){ref-type="fig"}E), suggesting that membrane TRBP may be particularly important for neuron‐specific processes. Thus, the confinement of miRNA regulators at intracellular membranes may overcome the limitation of free diffusion and enable miRNA‐mediated translational repression at specific cellular compartments. Supporting this notion, we find that the efficiency of Dicer and TRBP binding is significantly higher in Hek293T cells when TRBP is anchored to the membrane (Fig [7](#embr201744853-fig-0007){ref-type="fig"}A). We propose that the membrane anchoring of miRNA‐generating complexes is especially important in highly differentiated cells, where the local regulation of translation is crucial for morphological and functional heterogeneity.

The intracellular localization of TRBP is dynamic during BDNF stimulation {#embr201744853-sec-0012}
-------------------------------------------------------------------------

We show that the ER membrane serves as a platform for the dynamic regulation of TRBP during activity‐dependent dendritic outgrowth. BDNF causes a decrease in ER‐associated TRBP (Figs [2](#embr201744853-fig-0002){ref-type="fig"}A--D, and [EV1](#embr201744853-fig-0001ev){ref-type="fig"}F and G, [Appendix Fig S2](#embr201744853-sup-0001){ref-type="supplementary-material"}) and decreases its binding to Dicer (Figs [3](#embr201744853-fig-0003){ref-type="fig"}A, and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}A and B). We also show that Dicer is rather immobile during BDNF stimulation (Fig [2](#embr201744853-fig-0002){ref-type="fig"}A and E), suggesting that TRBP does not affect Dicer localization in neurons. As BDNF led to a calcium‐dependent increase in the cytoplasmic pool of TRBP (Fig [2](#embr201744853-fig-0002){ref-type="fig"}E and F), and mGFP‐TRBP binds more strongly to Dicer in co‐IP (Fig [7](#embr201744853-fig-0007){ref-type="fig"}A), our results suggest that the activity‐dependent redistribution of TRBP from the ER to the cytosol mediates its dissociation from Dicer. Further, as the chelation of intracellular calcium increased cytoplasmic TRBP at basal conditions (Fig [2](#embr201744853-fig-0002){ref-type="fig"}F), we speculate that a yet‐unidentified calcium‐sensing protein mediates the recruitment of TRBP to the ER membrane.

Previous publications by the Meffert group suggest that BDNF‐induced phosphorylation of TRBP stabilizes Dicer and stimulates miRNA production in primary neurons [43](#embr201744853-bib-0043){ref-type="ref"}, [52](#embr201744853-bib-0052){ref-type="ref"}. We did not detect any changes in Dicer or TRBP levels upon BDNF (Fig [EV1](#embr201744853-fig-0001ev){ref-type="fig"}E), nor did we observe increased binding of Dicer to the reported phosphomimetic TRBP mutant (S4D) in co‐IP ([Appendix Fig S3A](#embr201744853-sup-0001){ref-type="supplementary-material"}). Moreover, BDNF had modest effects on mature miRNA levels in small RNA sequencing (Figs [3](#embr201744853-fig-0003){ref-type="fig"}B and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}C). To our knowledge, we are the first to directly assay the Dicer--TRBP interaction in co‐IP following short‐term BDNF stimulation (Fig [3](#embr201744853-fig-0003){ref-type="fig"}A, [Appendix Fig S1E](#embr201744853-sup-0001){ref-type="supplementary-material"}) and using phosphorylation mutants of TRBP ([Appendix Fig S3A](#embr201744853-sup-0001){ref-type="supplementary-material"}). Consistent with our results, a structural study has suggested that the previously reported phosphorylation sites of TRBP are unlikely to affect its binding to Dicer [46](#embr201744853-bib-0046){ref-type="ref"}. In fact, higher molecular weight bands of neuronal TRBP did not respond to treatment with lambda phosphatase ([Appendix Fig S3C](#embr201744853-sup-0001){ref-type="supplementary-material"}), suggesting the presence of other post‐translational modifications that may regulate the subcellular distribution and function of TRBP. As membrane‐localized TRBP was particularly pronounced in neuronal cells, perhaps some of the discrepancies between our results and studies by the Meffert group may be due to the presence of non‐neuronal cells in primary neuronal cultures. In fact, the use of anti‐mitotics to eliminate proliferating cells has not been reported in the aforementioned studies.

BDNF alters pre‐miRNA processing {#embr201744853-sec-0013}
--------------------------------

Our small RNA sequencing data revealed modest changes in the total levels of miRNAs and no change in strand selection upon BDNF (Figs [3](#embr201744853-fig-0003){ref-type="fig"}B, and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}C and E). Since TRBP dissociates from Dicer within the same time of BDNF stimulation (Figs [3](#embr201744853-fig-0003){ref-type="fig"}A and [EV2](#embr201744853-fig-0002ev){ref-type="fig"}A), our results are consistent with a previous study that generated TRBP‐ and PACT‐knockout HeLa cells and showed that neither TRBP nor PACT affects the abundance of miRNAs, Ago loading, or strand selection [45](#embr201744853-bib-0045){ref-type="ref"}. Rather, TRBP affects the fidelity of Dicer cleavage, thereby promoting the generation of longer isomiRs [45](#embr201744853-bib-0045){ref-type="ref"}, [46](#embr201744853-bib-0046){ref-type="ref"}. Consistently, BDNF stimulation changed the isomiR proportion for 33 miRNAs in young cortical neurons (Fig [EV3](#embr201744853-fig-0003ev){ref-type="fig"}), 16 of which were previously shown to co‐purify at mammalian polyribosomes in neurons, including miR‐16‐5p and miR‐15b‐5p [36](#embr201744853-bib-0036){ref-type="ref"}. Furthermore, we detected significant changes in the canonical isomiRs of 12 miRNAs. Consistent with the proposed role of TRBP in promoting the production of longer isomiRs [45](#embr201744853-bib-0045){ref-type="ref"}, [46](#embr201744853-bib-0046){ref-type="ref"}, we often observed an increase in the proportion of shorter isomiRs when the proportion of canonical isomiRs was decreased and *vice versa* (Fig [4](#embr201744853-fig-0004){ref-type="fig"}A--C).

From our isomiR candidates, we could validate the BDNF‐induced decrease in the total levels of miR‐16‐5p (Fig [3](#embr201744853-fig-0003){ref-type="fig"}C), which was the most significantly down‐regulated miRNA in our small RNA sequencing data (Fig [3](#embr201744853-fig-0003){ref-type="fig"}B). Our results further suggest that this is due to decreased processing of pre‐miR16 by TRBP‐containing complexes (Fig [3](#embr201744853-fig-0003){ref-type="fig"}C--E). As miR‐16‐5p was previously shown to target AU‐rich element (ARE)‐containing mRNAs [53](#embr201744853-bib-0053){ref-type="ref"}, we tested for a potential enrichment in isomiRs containing the *UAAAU* sequence motif. However, we did not detect particular enrichment of AU‐rich sequences in BDNF‐affected isomiRs (approximately a third of isomiRs shown in Fig [EV3](#embr201744853-fig-0003ev){ref-type="fig"}).

Although the functional implications of isomiRs are so far unclear, it was previously shown that they can be incorporated into Ago complexes [54](#embr201744853-bib-0054){ref-type="ref"}, [55](#embr201744853-bib-0055){ref-type="ref"}, and may affect Ago loading and miRNA stability [56](#embr201744853-bib-0056){ref-type="ref"}. Moreover, some 5′ isomiRs were shown to have different targets than canonical miRNAs, due to a shift in the seed region [57](#embr201744853-bib-0057){ref-type="ref"}, [58](#embr201744853-bib-0058){ref-type="ref"}. We detected two miRNAs, miR‐9a‐3p and miR‐22‐3p, with significant, BDNF‐induced changes in their 5′ isomiRs; "+*1*" and "−*1*", respectively (Fig [EV3](#embr201744853-fig-0003ev){ref-type="fig"}). Functional annotation of isomiR targets provides preliminary evidence for a decrease in the repression of endosomal trafficking‐related proteins upon BDNF ([Appendix Table S1](#embr201744853-sup-0001){ref-type="supplementary-material"}). This may reflect the requirement for the vast membrane expansion of dendritic trees during neuronal growth [59](#embr201744853-bib-0059){ref-type="ref"}. Interestingly, miR‐22‐3p, miR‐9a‐3p, and miR‐124‐5p (which was also affected by BDNF) were previously shown to regulate of neuronal growth and differentiation via the REST/CoREST transcriptional complex [60](#embr201744853-bib-0060){ref-type="ref"}, [61](#embr201744853-bib-0061){ref-type="ref"}, which itself represses the expression of BDNF [62](#embr201744853-bib-0062){ref-type="ref"}. Thus, BDNF‐induced isomiR changes may provide an additional layer of regulation of gene expression during neuronal development.

BDNF‐induced inhibition of miR‐16‐5p activity is important for dendritogenesis {#embr201744853-sec-0014}
------------------------------------------------------------------------------

We showed that the BDNF‐induced decrease in pre‐miR16 processing leads to a transient inhibition in miR‐16‐5p activity (Fig [5](#embr201744853-fig-0005){ref-type="fig"}A--C), which was rescued by the expression of the membrane‐targeted mGFP‐TRBP (Fig [7](#embr201744853-fig-0007){ref-type="fig"}B). Furthermore, we found that either inhibition of miR‐16‐5p or overexpression of a Dicer binding‐deficient TRBP mutant led to an increase in the dendritic complexity of young hippocampal neurons, which was not further increased by BDNF (Figs [5](#embr201744853-fig-0005){ref-type="fig"}D, E, H, I, and [EV4](#embr201744853-fig-0004ev){ref-type="fig"}A, B, E, F). On the other hand, overexpression of either miR‐16‐5p or mGFP‐TRBP blocked BDNF‐induced dendritogenesis (Figs [5](#embr201744853-fig-0005){ref-type="fig"}F and G, [7](#embr201744853-fig-0007){ref-type="fig"}C and D, [EV4](#embr201744853-fig-0004ev){ref-type="fig"}C and D, and [EV5](#embr201744853-fig-0005ev){ref-type="fig"}C). We therefore propose that the BDNF‐induced redistribution of TRBP from intracellular membranes and the subsequent inhibition of miR‐16‐5p production and activity mediate BDNF‐induced dendritogenesis in developing neurons. Indeed, we found that miR‐16‐5p targets the BDNF mRNA itself (Fig [6](#embr201744853-fig-0006){ref-type="fig"}A and B) and that BDNF stimulation leads to the transient increase in the translation of a BDNF 3′UTR luciferase reporter via miR‐16‐5p (Fig [6](#embr201744853-fig-0006){ref-type="fig"}C, [Appendix Fig S4](#embr201744853-sup-0001){ref-type="supplementary-material"}). As BDNF is crucial for neuronal morphogenesis during development [38](#embr201744853-bib-0038){ref-type="ref"}, targeting of the BDNF mRNA by miR‐16‐5p may underlie the inhibitory effect of miR‐16‐5p in dendritic complexity and its role in BDNF‐induced dendritogenesis. Interestingly, it was previously shown that canonical Wnt signaling inhibits miR‐16‐5p and miR‐15‐5p production via post‐transcriptional mechanisms [63](#embr201744853-bib-0063){ref-type="ref"} and that Wnt mediates expression of BDNF [64](#embr201744853-bib-0064){ref-type="ref"}. Furthermore, work by the Kellerman group has shown that miR‐16 antagonizes Wnt signaling by targeting the serotonin transporter in hippocampal neurons [47](#embr201744853-bib-0047){ref-type="ref"}, [65](#embr201744853-bib-0065){ref-type="ref"}. Therefore, miR‐16‐5p may be part of an intricate cross talk between Wnt and BDNF signaling pathways that mediates neurogenesis and neuronal outgrowth.

In conclusion, we report a novel mechanism for the BDNF‐induced regulation of pre‐miRNA processing via the dynamic association of TRBP with ER membranes, which is necessary for BDNF‐induced dendritogenesis. We speculate that the confined inhibition of miR‐16‐5p production and activity is important for an early signaling response to locally modulate the morphology and composition of neuronal dendrites, which is in turn crucial for physiological neuronal development.

Materials and Methods {#embr201744853-sec-0015}
=====================

Plasmids and oligos {#embr201744853-sec-0016}
-------------------

mCherry‐Climp63 was a gift from C. Hanus (French Institute of Health and Medical Research, Paris, France) [51](#embr201744853-bib-0051){ref-type="ref"}.

For GFP‐Dicer, the Dicer CDS was amplified from pFRT/TO/FLAG/HA‐DEST DICER (a gift from Thomas Tuschl; Addgene \#19881) [66](#embr201744853-bib-0066){ref-type="ref"} using *NheI‐* and *AgeI*‐flanked primers and inserted into peGFP‐N1.

Fluorescent fusion constructs of TRBP and PACT were made using pcDNA‐TRBP and pcDNA‐PACT as templates (a gift from Dong‐Yan Jin; Addgene plasmids \#15666 and \#15667) [67](#embr201744853-bib-0067){ref-type="ref"}. GFP was subcloned into the pcDNA3 vectors using *NheI* and *KpnI*. Membrane‐tagged GFP‐TRBP was made by insertion of *NheI--AgeI*‐flanking oligonucleotides consisting of two palmitoylation sites from GAP‐43. GFP‐TRBP was used as a template to make TRBP phosphonull (S4A) and phospho‐mimic (S4D) mutants and the Dicer‐binding deletion mutant (GFP‐TRBP Δ). Mutagenesis was performed using the Phusion site‐directed mutagenesis kit (Thermo Scientific).

Bi‐cistronic reporter constructs in single‐cell fluorescent sensor assay (pTracer‐CMV‐dsRED) were previously described [68](#embr201744853-bib-0068){ref-type="ref"}. A *NotI‐* and *XbaI*‐flanked oligonucleotide containing two perfect binding sites for miR16 was subcloned into the 3′UTR of dsRed.

Pre‐miR miRNA precursor‐negative control (AM17110) and hsa‐miR‐16‐5p (Assay ID: PM10339) from Ambion were used for control or miR16 overexpression. Anti‐sense miRNA inhibitor control (199006‐101) and rno‐miR‐16‐5p inhibitor (4102067‐100) were purchased from Exiqon.

For detection of mature miRNAs, hsa‐miR16‐5p (Assay ID: 000391), rno‐miR‐551B‐3p (Assay ID: 002760), hsa‐miR‐138‐5p (Assay ID: 002284), mmu‐miR‐134‐5p (Assay ID: 001186), and TaqMan U6 snRNA (Assay ID: 001973) were purchased from Life Technologies.

List of primer sequences {#embr201744853-sec-0017}
------------------------

NameForward primer (5′--3′)Reverse primer (5′--3′)GFP‐DicerTATGCTAGCGTCGACATGAAAAGCCATAACCGGTTGGCTATTGGGAACCTGmGFP‐TRBPCTAGCATGCTGTGCTGTATGAGAAGAACCAAACAG; GTTGAAAAGAATGATGAGGACCAAAAGATCGCACTTTTCAACCTGTTTGGTTCTTCTCATACAGCACAGCATG; CCGGTGCGATCTTTTGGTCCTCATCATTGFP‐TRBP S4A*S142A/S152A*CTGCAGCCCCCTGTCGCCCCTCAGCAGTTCCATGGGGGGGGCCCTGGTTAGG*S283A*TCCGCAGTTGCGCCCTGGGCTCCGGGACAGGATCTTCTCTCCTACTGAATTTCGTAGAGAATC*S283A/S286A*CGCCCTGGGCGCCCTGGGTGCCAACTGCGGAGGGACAGGATCTTCTCTCCTACTGAATTTCGFP‐TRBP S4D*S142D/S152D*CTGCAGCCCCCTGTCGACCCTCAGCAGTTCCATGGGGGGGTCCCTGGTTAGG*S283D*TCCGCAGTTGCGACCTGGGCTCCGGGACAGGATCTTCTCTCCTACTGAATTTCGTAGAGAATC*S283D/S286D*CGACCTGGGCGACCTGGGTGCCAACTGCGGAGGGACAGGATCTTCTCTCCTACTGAATTTCGFP‐TRBP ΔTGACTCGAGTCTAGAGGGCCCGTTTACGTGTGCACTCGAAGCAGCATTTTGGmiR16 sensorGGCCGCCGCCAATATTTACGTGCTG; CTAGGCGCGCCCGCCAATATTTACGTGCTGCTATGGGCGCGCCTAGCAGCACGTAAATATTGGCGGC; CTAGATAGCAGCACGTAAATATTGGCPre‐miR16CACGTAAATATTGGCGTAGTGAAATTATCCCTGTCACACTAAAGCAGCpre‐miR‐137GGTGACGGGTATTCTTGGGTCGACTACGCGTATTCTTAAGCAATpre‐miR‐341CCGATCGCTCGGTCTGTACCGACCGACCGATCGPre‐miR551bGTGCTCTTGTGGCCCATGAATCGCCTTCCTGTTCTGTACCPre‐miR134GGGTGTGTGACTGGTTGACCAGGGTTGGTGACTAGGTGGCCPre‐miR138TGCAGCTGGTGTTGTGAATCAGTGAAATAGCCGGGTAAGAGGATU6 snRNACTCGCTTCGGCAGCACAAACGCTTCACGAATTTGCGTGAPDH mRNAGCCTTCTCTTGTGACAAAGTGGACCGTGGGTAGAGTCATACTGGAA

List of primary antibodies {#embr201744853-sec-0018}
--------------------------

NameSource; Catalogue numberApplicationDilutionTRBPAbcam; ab129325IF1:100Abcam; ab72110IB1:5,000PACTProteintech; 10771‐1‐APIF1:200Abcam; ab75749IB1:1,000Ago2Abcam; ab32381IF1:200Rat serum, G Meister (University of Regensburg)IB1:10Ago1Millipore; 04‐083IB1:1,000CalnexinMillipore; ab2301IF, IB1:1,000Ribophorin ISanta Cruz; sc‐12164IB1:200Climp63Abcam; ab84712IB1:500S6 ribosomal proteinCell Signaling; 2317SIB1:1,000Phospho‐TrkACell Signaling; 9141IB1:1,000HAAbcam; ab9110IF1:400DicerSigma; SAB4200087IB1:5,000GW182Sigma; SAB2102506IB1:1,000Lamp2Novus Biologicals; NB300‐591IB1:1,000PMCA4Abcam; ab2783IB1:1,000Beta‐actinSigma; A5441IB1:20,000FMRPAbcam; ab17722IB1:5,000Cyclophilin AAbcam; ab41684IB1:1,000GFPAbcam; ab13970IF, IB1:2,000Staufen 2M. Kiebler (University of Munich)IB1:5,000Tim23BD Biosciences; 611223IB1:1,000Myosin VaSigma, M4812IB1:1,000[^1]

Cell culture {#embr201744853-sec-0019}
------------

### Primary neuronal cell culture {#embr201744853-sec-0020}

Primary cortical and hippocampal cultures were prepared from embryonic day 18 (E18) male and female Sprague Dawley rats (Charles River Laboratories, Sulzfeld, Germany) as previously described [40](#embr201744853-bib-0040){ref-type="ref"}. Dissociated hippocampal neurons and cortical neurons were seeded on poly‐[l]{.smallcaps}‐lysine‐/laminin‐coated coverslips and plates coated with poly‐[l]{.smallcaps}‐ornithine, respectively. Neurons were maintained in Neurobasal media containing 2% B27, 2 mM GlutaMax, and 100 μg/ml streptomycin, and 100 U/ml penicillin (Gibco, Invitrogen) in a humidified incubator with 5% CO~2~ at 37°C. Cortical neuronal cultures were treated with fluorodeoxyuridine (FUDR; Sigma; F‐0503) + uridine (Sigma; F‐303) (final concentration 10 μM) from 4 DIV to stop proliferation of non‐neuronal cells.

Neurons were transfected using Lipofectamine 2000 (Invitrogen). Primary neurons were seeded in 24‐well plates, and 1 μg DNA was transfected per well. An empty pcDNA3 vector was used to make up the total amount of DNA for transfection. Neurons were transfected in Neurobasal medium containing 2% B27 and 2 mM GlutaMax for 1 h, which was washed out and replaced with conditioning medium. Transfected cells were processed in further experiments 48 to 72 h later.

For compartmentalized neuron cultures, dissociated hippocampal neurons (19 DIV) were plated onto 1‐mm pore and 30‐mm‐diameter polyethylene terephthalate (PET) membrane filter inserts (Millipore) as described previously [20](#embr201744853-bib-0020){ref-type="ref"} .

Primary mouse astrocytes were kindly provided by Prof. C. Culmsee (University of Marburg).

### HEK293T cell culture {#embr201744853-sec-0021}

HEK293T cells (Sigma) were maintained in DMEM media plus 10% fetal bovine serum (FBS), 1 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen), in a humidified incubator with 5% CO~2~ at 37°C. HEK293T cells were transfected using the calcium phosphate method with a final CaCl~2~ concentration of 0.1 M. Cells were washed 5 h after transfection and processed in coIP 24--48 h later.

### Treatments {#embr201744853-sec-0022}

Stock solutions of hBDNF (Peprotech, 450‐02) were made in sterile water and 0.1% BSA, as per manufacturer\'s instructions. Unless otherwise stated, 6--7 DIV neurons were stimulated with BDNF (100 ng/ml) or vehicle control (0.1% BSA) for 20 min. BAPTA‐AM (15551, Bertin Pharma) was dissolved in DMSO and used at the concentration of 10 μM for a total of 30 min.

Microscopy {#embr201744853-sec-0023}
----------

### Immunofluorescence {#embr201744853-sec-0024}

Hippocampal neurons were fixed in 4% paraformaldehyde/sucrose at room temperature for 20 min. Cells were permeabilized in blocking buffer consisting of 5% normal goat serum (NGS) and 0.5% saponin in phosphate‐buffered saline (PBS). Primary antibodies were incubated in blocking buffer at corresponding dilutions (see [List of primary antibodies](#embr201744853-sec-0018){ref-type="sec"}). Alexa‐488‐, Alexa‐546‐, and Alexa‐647‐conjugated secondary antibodies (Invitrogen) were diluted in blocking buffer at 1:2,000 and incubated at room temperature for 45 min. Mitotracker Deep Red (M22426, Invitrogen) was a kind gift from M Buenemann (BPC, Marburg, Germany).

For single‐cell dual‐fluorescence sensory assay, transfected hippocampal neurons were fixed and immunostained with anti‐GFP (1:1,000; ab13970 Abcam) for 1 h, and anti‐chicken Alexa‐488‐conjugated secondary antibody for 45 min at room temperature, both diluted in 0.02% gelatin/0.5% Triton X‐100/PBS.

### Co‐localization analysis {#embr201744853-sec-0025}

Images were acquisitioned on Leica SP5 using 63× objective (1,024 × 1,024 pixel). Image processing and analysis were performed on Fiji software [69](#embr201744853-bib-0069){ref-type="ref"}. The Coloc 2 algorithm was used to obtain co‐localization values with automatic threshold. The average co‐localization of approximately ten cells was measured in each condition, in each of three or four experiments. Experiments were performed in a blinded manner.

### Single‐cell dual‐fluorescence sensor assay {#embr201744853-sec-0026}

To quantify miRNA‐mediated repression, neurons were counted using a 20× objective and the number of neurons expressing GFP but not dsRed was compared to the total number of transfected neurons. Approximately 100 neurons were counted per experimental condition, in three or four independent experiments. Experiments were performed in a blinded manner.

### Dendritogenesis assay {#embr201744853-sec-0027}

XY scans (×20 objective, 1,024 × 1,024 pixels) were taken on a confocal laser‐scanning microscope (LSM 5 Pascal; Zeiss, Germany). A grid of concentric circles spaced 15 μm apart was placed around the cell soma of GFP‐expressing neurons, and the number of dendrites crossing each circle was counted manually on images thresholded in ImageJ. The average number of intersections was calculated for approximately 10 cells per each condition, in each of three or four independent experiments. All experiments were performed in a blinded manner.

### Total internal reflection fluorescence {#embr201744853-sec-0028}

Total internal reflection fluorescence imaging was performed on a Leica DMI 6000 B microscope equipped with a heated incubation chamber, using a 100× oil objective (Leica Microsystems). Live neurons were imaged at 37°C in HEPES‐buffered saline (140 mM NaCl, 5 mM, KCl, 1.8 mM CaCl~2~, 0.8 mM MgCl~2~, 10 mM glucose, 25 mM HEPES, pH 7.5). The osmolarity of imaging medium was adjusted to match the osmolarity of the neurons at the day of imaging, using sucrose or water. Acquired images were processed using the Leica LAS AF software package.

Subcellular fractionation {#embr201744853-sec-0029}
-------------------------

Unless otherwise stated, all steps were carried out at 4°C or on ice. ETDA‐free complete protease inhibitors and PhosSTOP phosphatase inhibitors (Roche) were freshly added to all the buffers.

For density gradient centrifugation, cultured cortical neurons were treated with 200 mM cycloheximide (Sigma) for 5 min at 37°C before being washed three times with cold PBS and lifted from the cell culture plate in isotonic extraction buffer (IEB; 10 mM HEPES pH 7.8, 250 mM sucrose, 25 mM KCl, 1 mM EGTA, 2 mM MgCl~2~, and 200 mM cycloheximide). Cells were pelleted at 800 × *g* for 5 min and incubated in three times the packed cell volume (PCV) of hypotonic extraction buffer (HEB; 10 mM HEPES pH 7.8, 25 mM KCl, 1 mM EGTA, and 200 mM cycloheximide) for 20 min. Swollen cells were then pelleted and resuspended in two times the PCV with IEB including TURBO DNAse (2 μl/ml). Cells were homogenized with ten strokes in Dounce homogenizer followed by five times with a 27‐gauge needle and left on ice for 15 min. Nuclei were pelleted by centrifugation 700 × *g*, 10 min, and the postnuclear supernatant (PNS) was mixed with 50% Optiprep density gradient medium (D1556, Sigma) to make a 35% solution and loaded underneath a 2.5--30% continuous Optiprep gradient. Gradients were centrifuged in a Beckman SW41 rotor at 48,000 × *g* for 18 h, with slow acceleration and deceleration. Equal volume fractions were collected and processed in Western blotting. The density of the fractions was measured using a refractometer.

The ER isolation kit (RER0100, Sigma) was used to isolate ER microsomes, according the manufacturer\'s protocol.

The protocol for sequential detergent extraction was adapted from Stephens *et al* [70](#embr201744853-bib-0070){ref-type="ref"}. Cultured cells were washed twice with ice‐cold PBS and permeabilization buffer (110 mM KOAc, 2.5 mM Mg(OAc)~2~, 1 mM EGTA, 25 mM K‐HEPES pH 7.2, 1 mM dithiothreitol, and 0.5% digitonin) was added to the cells and the plate incubated for 5 min on ice with gentle agitation. The cytoplasmic fraction was collected, and the cells were gently washed with permeabilization buffer containing 0.004% digitonin. The membrane fraction was isolated using lysis buffer (400 mM KOAc, 15 mM Mg(OAc)~2~, 25 mM K‐HEPES pH 7.2, 1 mM dithiothreitol, 1% (v/v) Nonidet P‐40, and 0.5% (w/v) deoxycholate), for 5 min with gentle agitation. Dithiothreitol and digitonin were added fresh. The cytosolic and membrane fractions were centrifuged at 7,500 × *g* for 10 min before samples were processed further.

Immunoprecipitation {#embr201744853-sec-0030}
-------------------

Cultured cells were washed twice with ice‐cold PBS and lysed on ice in buffer containing 0.5% Nonidet P‐40 (Thermo), 300 mM NaCl, 2.5 mM MgCl~2~, and 20 mM Tris--HCl pH 7.4. Complete EDTA‐free protease and phosphatase inhibitors were added fresh. Cell lysates were kept on ice for 15--30 min prior to centrifugation at 15,000 × *g* for 15 min at 4°C. Cleared lysates were incubated with 2--5 μg of anti‐TRBP antibody (mouse monoclonal or rabbit polyclonal), anti‐GFP (NBP2‐43575; Novus Biologicals), or normal mouse or rabbit IgG (sc‐2025 and sc‐2027; Santa Cruz) for 1 h at 4°C with rotation. Dynabeads Protein G (10004D, Thermo) for mouse antibodies or Protein A‐Sepharose beads (P7786, Sigma) for rabbit antibodies were then incubated for 1 h at 4°C with rotation, and beads were washed four times in lysis buffer and processed for Western blot or RT--qPCR. For RNA IPs, buffers were made in DEPC‐treated water and contained SUPERase In RNAse Inhibitor (0.2 U/μl, AM2696, Invitrogen).

Immunoblotting {#embr201744853-sec-0031}
--------------

Protein extracts were diluted in Laemmli sample buffer, separated in SDS--PAGE and blotted onto a polyvinylidene difluoride (PVDF) membrane. Non‐specific antibody binding was blocked in Tris‐buffered saline containing 5% milk powder or 5% BSA and 0.2% Tween‐20. Primary antibodies were incubated in blocking buffer at the corresponding dilutions. Horseradish peroxidase (HRP)‐conjugated secondary antibodies were as follows: goat anti‐rabbit (1:10,000; 401315 Calbiochem), rabbit anti‐mouse (1:10,000; 402335; Calbiochem), rabbit anti‐goat (1:20,000; 401515; Calbiochem), goat anti‐rat (1:10,000; 401416; Calbiochem), and rabbit anti‐chicken (1:20,000; ab6753 Abcam).

Quantitative real‐time PCR {#embr201744853-sec-0032}
--------------------------

Total RNA was isolated using mirVana miRNA isolation kit (AM1561, Invitrogen) or peqGOLD Trifast (30‐2010, VWR) for RNA immunoprecipitation. Genomic DNA contamination was eliminated with TURBO DNA‐free kit (AM1907, Invitrogen). Reverse transcription of RNA was carried out using iScript cDNA synthesis kit (170‐8891, Bio‐Rad) or TaqMan RT--qPCR kit (4366597, Invitrogen), according to manufacturer\'s protocols. Relative cDNA quantification was performed using StepOnePlus Real‐Time PCR system (Applied Biosystems) using iTaq SYBR Green Supermix with ROX (172‐5121, Bio‐Rad) for detection of precursor miRNAs and TaqMan Universal PCR Master Mix (4364341, Invitrogen) for detection of mature miRNAs.

Small RNA sequencing {#embr201744853-sec-0033}
--------------------

Six small RNA libraries, representing 3 biological replicates from control‐ or BDNF‐treated cortical neurons, were prepared using NEBNext^®^ Multiplex Small RNA Library Prep Set for Illumina^®^ (Set 1) kit (New England BioLabs) as per manufacturer\'s instructions. Multiplexed small RNA libraries were sequenced for 50 cycles in a single lane of one Illumina HiSeq2000 flow cell (EMBL Heidelberg). Raw sequencing reads were trimmed from 3′ adapter (AGATCGGAAGAGCACACGTCT) and filtered according to quality using "percent = 90 and cutoff = 30" parameters of Fastx‐Toolkit for fastq data on *Galaxy* [71](#embr201744853-bib-0071){ref-type="ref"} (<https://usegalaxy.org/>). Reads were excluded if they only contained the adapter sequence, did not contain the adapter sequence prior to trimming, or were shorter than 15 nucleotides. The remaining reads were mapped to the rat mature miRNAs (miRBase v21) using default parameters (one mismatch, 3 nt in the 3′ or 5′‐trimming variants, 3 nt in the 3′‐addition variants) of Miraligner software [72](#embr201744853-bib-0072){ref-type="ref"}. For mature miRNA analysis, only those that are represented by at least 10 reads per million (RPM) in one of the conditions were considered. Differential expression analysis of miRNAs was performed using *edgeR* [73](#embr201744853-bib-0073){ref-type="ref"}, [74](#embr201744853-bib-0074){ref-type="ref"}. Only isomiRs with at least 1 RPM in at least one of the experimental conditions were included for analysis.

Dual‐luciferase assay {#embr201744853-sec-0034}
---------------------

Primary rat cortical neurons were transfected in triplicates with 100 ng pmiRGlo luciferase reporters alone or with 10 nM miRNA mimics or LNA miRNA inhibitors. Neurons were lysed in 5× Passive Lysis buffer (Promega) 2 days after transfection, and dual‐luciferase assay was performed using homemade reagents as previously described [75](#embr201744853-bib-0075){ref-type="ref"} on the GloMax R96 Microplate Luminometer (E1941, Promega).

Quantification and statistical analysis {#embr201744853-sec-0035}
---------------------------------------

Data are represented as mean ± standard deviation, unless otherwise stated. Three to four independent experiments were performed for each data set, as stated in the figure legends. For imaging experiments, approximately ten neurons were analyzed per experimental condition, in each experiment. *P*‐values were calculated with two‐tailed Student\'s *t*‐test, homoscedastic (type 2) or heteroscedastic (type 3), as stated in the figure legends; \**P \<* 0.05; \*\**P \<* 0.01.

Data availability {#embr201744853-sec-0036}
-----------------

Small RNA sequencing data: Gene expression Omnibus GSE106518.
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[^1]: IF, Immunofluorescence; IB, Immunoblotting.
